Analyses of malignant melanomas revealed a strong expression of bone morphogenic proteins (BMPs) and their autocrine effect in promoting cell invasion and migration. Here, we report a paracrine effect of BMPs on the vascular network. Both BMP2 and BMP4 induced tube formation as well as the migratory efficiency of microvascular endothelial cells. Melanoma cells with reduced BMP activity attracted less endothelial cells in invasion assays than control cells. Furthermore, reduction of BMPs in melanoma cells had a strong effect on vasculogenic mimicry. Tube formation on matrigel was analysed for melanoma cells as well as in co-cultures of endothelial and melanoma cells. Melanoma cells with reduced BMP activity were not capable of forming cordlike structures by themselves and additionally inhibited tube formation of the endothelial cells. Genes involved in angiogenesis turned out to be strongly downregulated in these cell clones. Tumors derived from cells with impaired BMP activity showed reduced tumor growth or large necrotic areas owing to lack of angiogenesis in in vivo analyses.
Introduction
Bone morphogenetic proteins (BMPs) are secreted growth factors that belong to the transforming growth factor beta (TGFb) superfamily. BMPs exert their effects via two different types of serine/threonine kinase receptors, BMP type I (BMPR-IA and BMPR-IB) and type II (BMPR-II) receptors. BMP receptor type I is activated upon ligand binding and subsequently phosphorylates receptor-activated smad proteins (R-smads, Smad-1, Smad-5 and Smad-8). The phosphorylated R-smads then bind to a common mediator Smad (Co-smad, Smad-4), translocate into the nucleus and activate transcription of target genes (ten Dijke et al., 2003; Yamamoto and Oelgeschlager, 2004) .
The first BMPs were purified from bone extract and showed the ability to induce ectopic bone and cartilage formation in vivo (Wozney et al., 1988; Wang et al., 1990) . Today, more than 30 members of the BMP superfamily have been identified in various tissues and species, and it is known that they control a broad range of biological activities in many cell types like epithelial, mesenchymal or neuronal cells (Mehler et al., 1997; Turgeman et al., 2001) . BMPs affect cellular processes like proliferation, differentiation, chemotaxis, motility or cell death (Hogan, 1996) . Furthermore, they are involved in early embryonic development, and they control the formation and patterning of various tissues, the left-right asymmetry and the morphogenesis of a number of organs (Balemans and Van Hul, 2002; Yamamoto and Oelgeschlager, 2004) .
Besides their function in embryonic development and normal cellular processes, BMPs are also linked to tumor formation and progression. Several groups have shown that BMP transcripts are expressed in various carcinoma cell lines from gastric, ovarian, prostate, pancreatic and breast origin (Hatakeyama et al., 1993 (Hatakeyama et al., , 1997 Ide et al., 1997; Kleeff et al., 1999; Kiyozuka et al., 2001) .
Recently, our group identified BMP4 and BMP7 as new important molecules in melanoma development (Rothhammer et al., 2005) . In this study, we found that BMPs are important for melanoma migration and invasion. However, we wondered about additional functions of BMPs as we also expected an impact on the tumor microenvironment. Therefore, we concentrated on analysis of tumor angiogenesis to define a role of melanoma-derived BMPs in this process.
It is generally known that tumors require a system of blood supply for growth and metastasis. For melanoma cells, two ways of establishing new microcirculation have been described. On the one hand, the tumor can recruit new blood vessels from the existing circulation network (angiogenesis) by releasing angiogenic factors from the tumor cells themselves or the surrounding stroma cells. On the other hand, melanoma cells are able to de novo generate microcirculatory channels that are composed of extracellular matrix and lined by tumor cells. This process of formation of non-endothelial cell-lined channels has been called 'vasculogenic mimicry' (Maniotis et al., 1999; Folberg et al., 2000; Folberg and Maniotis, 2004) . Several genes like VE-cadherin (vascular endothelial cadherin), laminin 5 g2 chain, TIE-1 (tyrosine kinase with immunoglobulin and EGF factor homology domains) and EphA2 (epithelial cell receptor protein-tyrosine kinase), known to be important in angiogenesis, were also identified to play a role in vasculogenic mimicry (Hendrix et al., 2003) .
Results
Studies by Langenfeld and Langenfeld (2004) revealed that BMP2 has a positive effect on angiogenesis. As we recently found expression of BMPs with strongest expression of BMP4 in malignant melanoma (Rothhammer et al., 2005) , we asked whether BMP expression has an influence on angiogenesis in the microenvironment of melanomas or on vascular mimicry of melanoma cells themselves.
Induction of tube formation and migration of human microvascular endothelial cells (HMEC) by BMP2 and BMP4
First, we performed tube formation assays using HMEC and treated them with recombinant BMP2 or BMP4 (100 ng/ml), respectively. Both BMP2 and BMP4 clearly induced tube formation whereas fewer vessels were visible without BMP treatment (Figure 1a ). Quantification of the total tube length (TTL) revealed a strong increase in BMP2-and BMP4-stimulated HMEC (Figure 1b) .
Furthermore, we analysed the effects of BMPs on endothelial cell migration. In Boyden Chamber models, the ability of BMP2 and BMP4 to induce endothelial cell migration and to act as chemo-attractant was assayed (Figure 2a ). In fact, we observed a significant effect on HMEC migration after treatment with BMP2 or BMP4.
To analyse direct effects of melanoma cells on endothelial cell migration and invasion, matrigel-coated invasion chambers were used with different melanoma cell clones seeded into the lower compartment and the HMEC onto the matrigel-coated microporous membrane. Melanoma cell clones with reduced BMP activity generated by either overexpression of the BMP inhibitor chordin or stable antisense BMP4 transfection were described previously (Rothhammer et al., 2005) . The earlier generated cell clones Mel Im þ CHRD K1, Mel Im þ asBMP4 K7 and Mel Im þ asBMP4 K9 were chosen for further experiments. The migratory and invasive potential of endothelial cells was significantly reduced in the invasion chambers using the chordinexpressing and the asBMP4 melanoma cell clones compared to the control cells, where strong induction of migration and invasion was measurable (Figure 2b ).
These results show that both BMP2 and BMP4 can act as a chemo-attractant and are involved in the induction of tube-like structures of endothelial cells. In conclusion, the secretion of BMPs could be a mechanism by which melanoma cells enhance the migratory and the vessel forming capacity of endothelial cells.
Tube formation capacity of melanoma cells
We next asked whether vascular mimicry of the melanoma cells is also influenced by or even dependent on BMP expression. The melanoma cell line Mel Im and the mock control were able to efficiently form tubelike structures (Figure 3a) . In contrast, cell clones with reduced BMP4 expression or chordin overexpression ( Figure 3b ) did not form tubes. It is further known that melanoma cells are able to interact with endothelial cells (Ding et al., 2005; Saalbach et al., 2005) . So, we co-cultured melanoma and endothelial cells in matrigel and, indeed, co-cultures of Mel Im cells with HMEC resulted in tube formation (Figure 3c ). In this assay, HMEC were labeled with fluorescent dye to prove the cooperative manner of vessel formation. Again, the cell clones with reduced BMP4 expression or chordin overexpression ( Figure 3d) were not capable of forming vessels. Moreover, they inhibited vessel formation of the endothelial cells.
Studies by Peng et al. (2005) and Vogt et al. (2006) showed that either BMP2 or BMP4, respectively, induced vascular endothelial growth factor (VEGF)-mediated angiogenesis during bone healing or in retinal pigment epithelial cells (Peng et al., 2005; Vogt et al., 2006) . According to these findings, we analysed whether recombinant VEGF could restore the tube-forming capacity of endothelial cells in co-culture with antisense BMP4 or chordin-overexpressing cell clones. The tube formation capacity of endothelial cells and melanoma cells was assayed supplementing 100 ng/ml recombinant VEGF. VEGF-treated cells were able to form chord-like structures whereas co-cultures of HMEC and antisense BMP4 or chordin-overexpressing melanoma cells without VEGF did not form tube-like structures as already shown in Figure 3d (Figure 3e ). This suggests that the action of BMPs is mediated through VEGF.
Analysis of key molecules involved in melanoma vasculogenic mimicry Hendrix et al. (2003) have shown that epithelial cell kinase (EphA2), VE-cadherin and laminin 5 g2 chain play an important role in the formation of vasculogeniclike networks by melanoma cells (Hendrix et al., 2003) . Furthermore, it was demonstrated by Valdimarsdottir et al. (2002) that ectopic Id-1 expression was sufficient to induce tube formation of bovine aortic endothelial cells. In addition to these molecules, several groups showed that the endothelial cell-specific tyrosine kinase receptor (TEK/Tie-2) is a key factor for the subsequent remodelling and stabilization of the developing vasculature and seems to be involved in tumor angiogenesis (Cavallaro and Christofori, 2000; Ward and Dumont, 2002; Peters et al., 2004) .
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Based on these findings, the expression levels of epithelial cell kinase (EphA2), VE-cadherin, laminin 5 g2 chain, Id-1 and the endothelial cell-specific tyrosine kinase receptor (TEK/Tie-2) were analysed by quantitative real-time reverse transcriptase-PCR (RT-PCR) in the parental cell line Mel Im, the mock control, the chordin-expressing and the antisense BMP4 melanoma cell clones, respectively. A marked downregulation of EphA2 expression was detectable in chordin-expressing as well as in antisense BMP4 cell clones compared to the control cells (Figure 4a ). Also VE-cadherin expression was reduced in the cell clones with modified BMP levels ( Figure 4b ). In contrast, laminin 5 g2 chain expression levels were not altered in any of the cell clones (data not shown). Id-1 was hardly measurable in the chordinexpressing cell clone and only 30-40% of the expression levels of the control cells (set as 100%) were detectable in the antisense BMP4 cell clones (Figure 4c) . The results for TEK/Tie-2 expression were consistent with the other genes analysed; a strong downregulation was ) were seeded onto matrigel and tube formation was assayed after 16 h by phase contrast microscopy. Cells were treated with MCDB-131 culture medium supplemented with 100 ng/ml BMP2 or BMP4, respectively, control cells received MCDB-131 medium alone. Cells that were treated with BMP2 or BMP4 clearly showed tube formation on matrigel, whereas the control cells poorly built tube-like structures. (b) TTL was assessed by measuring the TTL per area using the ImageJ software. The TTL of the control cells without BMP treatment was set as 100%. BMP2 and BMP4-treated cells displayed a significantly higher TTL, which reached 225% for BMP2 or 270% for BMP4-treated cells over the control. TTL of eight wells per treatment was analysed, bars display mean þ s.d., statistical analysis was performed using Student's unpaired t-test.
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T Rothhammer et al found in the chordin-expressing and the antisense BMP4 cell clones compared to the controls ( Figure 4d ).
Analysis of BMP target genes
It is known that Id-1 is a target gene of BMP/Smad signaling (Miyazawa et al., 2002) . Therefore, we treated the parental melanoma cell line Mel Im with recombinant BMP4 (100 ng/ml) and analysed Id-1 gene expression at different time points by quantitative real-time RT-PCR. We were able to detect a strong upregulation of Id-1 after 1 h of BMP4 treatment, reaching a maximum after 3 h ( Figure 5 ). Expressions of EphA2, VE-cadherin and TEK were also analysed after BMP4 treatment, however with no significant changes in gene expression levels after 6 h (data not shown). These data lead to the conclusion that EphA2, VE-cadherin and TEK are indirect target genes of BMP4 signaling.
Tumor growth and angiogenesis of melanoma cell clones in nude mice For in vivo analyses of the melanoma cell clones, the mock control, a chordin-overexpressing cell clone and two antisense BMP4 cell clones were injected subcutaneously into nude mice. Between day 12 and day 20 at least nine out of 10 animals in each group developed tumors, but mice from the Mel Im þ CHRD K1 group showed later tumor onset (d20) than the other groups (d13) ( Table 1) . Furthermore, tumors derived from chordin-overexpressing melanoma cell clones were significantly smaller than tumors from the Mel Im þ pCMX1 control group at day 35. However, there was no detectable difference in tumor size between the mock control (Mel Im þ pCMX1) and tumors that arose from antisense BMP4 melanoma cell clones (Table 1) . Interestingly, detailed histological analyses of similar size tumors revealed larger necrotic areas in tumors derived from antisense BMP4 cell clones compared to the control tumors ( Figure 6a ). Immunohistochemical staining against the endothelial cell marker CD31 (PECAM-1) revealed a higher number of vessels in the Mel Im þ pCMX1 control tumors compared to the antisense BMP4 tumors ( Figure 6b ). Analysis of the same tumors for tumor cell proliferation did not reveal any differences between the antisense BMP4 and the control tumors (data not shown). Analysis for apoptotic cells using the terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) system showed hardly any apoptotic cells in Mel Im þ pCMX1-derived tumors, whereas the Mel Im þ asBMP4 tumors displayed large apoptotic areas ( Figure 6c ).
Discussion
Our group recently showed that BMP4 and BMP7 are strongly expressed in primary and metastatic malignant melanomas and their involvement in the metastatic process. BMPs seem to be inevitable factors for enhanced migration and invasion of melanoma cells (Rothhammer et al., 2005) . In this study, we now focused on the role of BMPs on the tumor microenvironment, especially the vascular network. BMP4 has a positive effect on tube formation in vitro as well as on endothelial cell migration. It, therefore, seems to act as an angiogenic factor as well as a chemoattractant. Additionally, we analysed the direct influence of melanoma cells on endothelial cell migration and invasion. The melanoma cell clones with reduced BMP activity attracted much less endothelial cells, which leads to the conclusion that BMPs are important factors to establish the vascular network to supply the growing tumor. (a) Analysis of the ability of BMP2 and BMP4 to either induce endothelial cell migration or act as chemo-attractant was assayed in the Boyden Chamber model. Both BMP2 and BMP4 (100 ng/ml) strongly induced the migratory potential of endothelial cells compared to non-treated control cells. (b) Analysis of the capacity of melanoma cell clones to induce migration and invasion of HMEC was assayed using matrigel-coated transwell systems. Mock controls, antisense BMP4 and chordin-overexpressing cell clones were seeded into the lower compartment to attract migration and invasion of endothelial cells from the upper compartment. Migration efficiency of HMEC was strongly reduced in cell clones with lower BMP activity compared to controls. All experiments were performed in triplicate and repeated three times with similar results, bars display mean þ s.d., statistical analysis was performed using Student's unpaired t-test.
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Several groups have shown that BMP family members have an impact on the development of the vascular system (Deckers et al., 2002; Valdimarsdottir et al., 2002; Langenfeld and Langenfeld, 2004; Raida et al., 2005) . Studies by Raida et al. (2005) analysed the impact of BMP2 on angiogenesis of a breast cancer xenograft model. MCF-7 cells were stably transfected with a BMP2 expression construct or an empty vector control and subcutaneously injected into nude mice. All mice bearing the MCF-7/BMP2-transfected cells developed tumors showing vascularization from the tumor stroma, whereas the control group did not develop any tumors within 6 weeks (Raida et al., 2005) . Moreover, Langenfeld and Langenfeld (2004) demonstrated a proangiogenic effect of BMP2 in in vivo studies of a lung cancer xenograft model. Co-injection of lung carcinoma cells with recombinant BMP2 into nude mice resulted in tumors with three times more and larger blood vessels compared to the controls (Langenfeld and Langenfeld, 2004) . Valdimarsdottir et al. (2002) described an impact of BMP6 on tube formation of endothelial cells in vitro via BMP/Smad signaling. Studies by Vogt et al. (2006) showed a role of BMP4 in the regulation of ocular angiogenesis by stimulating VEGF release from retinal pigment epithelial cells. Earlier investigations focused on the role of BMPs during bone development and repair. Deckers et al. (2002) demonstrated that BMPs regulate the expression of VEGF A and might thus stimulate angiogenesis during fracture healing. Peng et al. (2005) confirmed these findings; they showed that endogenous VEGF activity is one of the main mediators of angiogenesis during BMP2 -induced bone formation. Moreover, a synergistic effect of BMP4 and VEGF on bone formation and bone healing by enhancing angiogenesis and cartilage resorption was demonstrated by the same group (Peng et al., 2002) .
The ability of BMPs to promote angiogenesis in tumor development as well as in normal cellular processes like bone healing was demonstrated in several different studies. Here, we analysed the effects of BMPs on angiogenesis in malignant melanoma and found that, in line with other studies, BMPs are important factors to establish the vascular system of the tumor.
Angiogenesis induced by endothelial cell proliferation is not the only way in which melanomas ensure their blood and nutrient supply. In addition, they can even contribute to the microvasculature by themselves, a process called vasculogenic mimicry. Several studies revealed that networks built by melanoma cells can , which were labeled with a fluorescent dye and 4 Â 10 4 of the chordin-expressing or the asBMP4 melanoma cell clones, respectively, were seeded onto matrigel and tube formation was assayed as described in (c). The three cell clones were not able to form tubes on matrigel and even prevented endothelial cells from forming tube like structures. (e) Human microvascular endothelial cells (4 Â 10 4 ), which were labeled with a fluorescent dye and 4 Â 10 4 of the chordin-expressing or the asBMP4 melanoma cell clones, respectively, were seeded onto matrigel and were treated either without or with 100 ng/ml recombinant VEGF. Tube formation was assayed as described in (c). Untreated endothelial and melanoma cell co-cultures were not able to form chord-like structures whereas VEGF treated cells displayed tube forming capacity. All experiments were performed in duplicate and repeated three times with consistent results.
BMP4 in angiogenesis in melanoma T Rothhammer et al distribute plasma and red blood cells in vivo and in vitro, enabling the tumor to become, at least in part, independent of angiogenesis (Folberg et al., 2000; Hendrix et al., 2003; Folberg and Maniotis, 2004) . Vasculogenic mimicry, however, is controversially discussed. McDonald and Foss (2000) raised several questions as to whether tumor cells really have the ability to form vessels. Vessel-like structures built by tumor cells should be able to transport erythrocytes and should be connected to 'normal' endothelial cell-lined blood vessels (McDonald and Foss, 2000) . Maniotis et al. (1999) identified vascular channels by the presence of erythrocytes and lumen-like structures. However, raised the question if extravasated erythrocytes in the extracellular matrix can be misinterpreted as vascular channels. Moreover, no direct evidence shows that junctions between the lumen of endothelial cell vessels and tumor cell-lined tube structures exist. So, there is still no absolute proof that tumor cells and not endothelial cells form the vascular network in tumors.
In our study, we used a highly aggressive metastatic melanoma cell line that efficiently formed tube-like networks on matrigel in vitro. In contrast, melanoma cells with reduced BMP activity were not able to form tube-like structures at all. Additionally, we showed that melanoma and endothelial cells form chord-like networks in a cooperative manner on matrigel. Co-cultures of endothelial cells and different melanoma cell clones revealed the formation of tubular structures only in those cell clones with unchanged BMP levels. The antisense BMP4 and chordin-overexpressing cell clones 
were not able to form networks and even prevented the tube formation of endothelial cells. However, VEGF treatment restored the tube-forming capacity of endothelial cells in co-culture with the antisense BMP4 or chordin-overexpressing melanoma cells. Our findings are consistent with the analyses of Vogt et al. (2006) that showed a role of BMP4 in ocular angiogenesis by stimulating VEGF release from retinal pigment epithelial cells. Altogether, these data provide evidence that BMPs are not only important to attract endothelial cells to the tumor site and enforce angiogenesis but also to support vasculogenic mimicry in malignant melanoma.
Microarray analyses of highly versus poorly invasive melanoma cell lines revealed different genes to be upregulated in the highly invasive melanoma cells. Among those genes EphA2 and VE-cadherin are most important for vasculogenic mimicry (Hendrix et al., 2003) . Both EphA2 and VE-cadherin, are co-expressed in vasculogenic mimicry and transient downregulation of either VE-cadherin or EphA2 resulted in the loss of the network-forming capacity (Seftor et al., 2002) . In our analyses, we found EphA2 and VE-cadherin to be downregulated in the antisense BMP4 as well as in the chordin-overexpressing cell clones, suggesting that downregulation of BMP activity leads to a reduced expression of genes involved in vasculogenic mimicry, such as EphA2 and VE-cadherin. As a consequence, melanoma cell clones do not form tubular networks anymore.
Id-1 and the endothelial cell specific tyrosine kinase receptor (TEK/Tie-2) both seem to be crucial for embryonic and tumor angiogenesis (Jones and Dumont, 2000; Benezra, 2001; Benezra et al., 2001; Ward and Dumont, 2002; Alani et al., 2004) . Benezra et al. showed that tumor xenografts failed to grow and metastasize in Id1 þ /À and Id3À/À knockout mice. Furthermore, blood vessels were not able to branch and sprout normally in these animals. Id1 þ /À and Id3À/À animals showed severe angiogenic defects . Another study by Pache et al., (2006) showed that Id-1 expression was induced by BMP2 in mouse podocytes, followed by an increase of reactive oxygen species (ROS). ROS were shown to play an important role in VEGF-induced angiogenesis (Ushio-Fukai et al., 2002) .
These data prompted us to analyze the melanoma cell clones with reduced BMP activity for Id-1 expression. A strong downregulation of Id-1 was found to be comparable to the downregulation seen for EphA2 and VE-cadherin.
Furthermore, Lin et al. (1998) showed that expression of a soluble form of the TEK receptor resulted in a reduced growth rate of murine mammary tumors and melanoma in mice. Analyses of the melanoma cell clones for TEK expression revealed a diminished expression of TEK in antisense BMP4 and chordin-overexpressing cell clones.
In summary, these data clearly indicate that BMPs have an impact on genes involved in vasculogenic mimicry like EphA2 and VE-cadherin as well as genes known to be relevant during neo-angiogenic processes like Id-1 and TEK.
The fact that these genes are downregulated in melanoma cells with reduced BMP activity prompted us to investigate whether BMPs have a direct influence on EphA2, VE-cadherin, Id-1 or TEK expression. It is known that Id-1 is a direct target gene of the BMP/smad signaling cascade (ten Dijke et al., 2003) . Consequently, we could show that stimulation with BMP4 leads to an augmentation in Id-1 gene expression.
Stimulation of antisense BMP4 or chordin-overexpressing cells with exogenous BMPs, however, did not lead to re-expression of EphA2, VE-cadherin or TEK. We suggest an indirect effect that might function via Id-1 or the BMP/MAPK signaling cascade. Interestingly, Straume and Akslen (2005) have shown that the expression of EphA2 is associated with strong Id-1 expression in malignant melanomas. However, the BMP4 in angiogenesis in melanoma T Rothhammer et al regulation of VE-cadherin and TEK expression still needs further investigation. Moreover, we think that on the one hand long time downregulation of BMPs might lead to extensive changes within the cell, which cannot be restored by short-time exogenous BMP application. On the other hand, the localization of BMPs might play a role as well. Cells can target secretion of growth factors, whereas Figure 6 Tumor growth of melanoma cell clones implanted into nude mice. (a) H&E-stained tumors were screened for necrotic areas within the tumor tissue. Area of necrotic zones and total tumor area was measured using the ImageJ software. Tumors derived from Mel Im þ asBMP4 displayed significantly larger areas of necrosis than the control tumors. For each group, three tumors were sectioned into 4 mm slices, stained with H&E and four sections were evaluated. Bars display mean þ s.d., statistical analysis was performed using Student's unpaired t-test. (b) Tumors derived from nude mice were stained for CD31 (PECAM-1) expression. Strong expression of CD31 was detectable in Mel Im þ pCMX1 controls, whereas very weak staining was visible in tumors derived from antisense BMP4-transfected melanoma cells. (c) Tumors derived from nude mice were analysed for apoptotic cells using a fluorometric TUNEL assay system. Cells showing DNA fragmentation are labeled with green fluorescent dye, nuclei are stained with DAPI (blue). Hardly any apoptotic cells were detectable in the control tumors (Mel Im þ pCMX1), whereas the Mel Im þ asBMP4 tumors displayed large areas of apoptotic cells.
BMP4 in angiogenesis in melanoma T Rothhammer et al exogenously applied BMPs are in the cell culture supernatant and not at specific sites of the cell. In vivo analyses of the melanoma cell clones in athymic nude mice revealed that the control cells as well as the chordin-overexpressing and the antisense BMP4 melanoma cells were able to induce tumors. Tumors derived from chordin-overexpressing cell clones but not from the antisense BMP4 cell clones were significantly smaller than tumors in the control group. This might be due to the fact that chordin inhibits not only BMP4 but also BMP2 and BMP7 (Balemans and Van Hul, 2002; Botchkarev and Sharov, 2004) . All these BMPs can be supplied by the tumor surrounding tissues and can be neutralized by chordin, which is secreted from the cell clones. The antisense BMP4 cell clones however only show a downregulation of endogenous BMP4 levels and can still be influenced by BMPs from the surrounding tumor stroma. It seems that downregulation of only one family member of the BMP family is not sufficient to negatively influence tumor growth in vivo, but targeting several members by using antagonists might be a useful tool. Further analyses of the tumors derived from Mel Im þ asBMP4, however, showed immunohistochemical differences to the control group. The control tumors showed more CD31 positive cells than the antisense BMP4 tumor group, suggesting that more endothelial structures are present. Additional histological analysis of all tumors revealed large necrotic areas in tumors derived from antisense BMP4 cell clones. Moreover, many apoptotic cells were detectable around the necrotic areas, whereas hardly any apoptotic cells were visible in the control tumors. This might be due to reduced endothelial structures and consequently poor blood supply.
In summary, our studies show that BMPs are essential factors that enhance migration and invasion of melanoma cells and also have a strong and important influence on the tumor microenvironment. BMPs act as a chemo-attractant for endothelial cells migrating to the tumor site and are necessary factors to establish a vascular network for tumor nutrition. The establishment of tube-like structures is achieved by either directly or indirectly regulating key molecules involved in neoangiogenesis and vasculogenic mimicry.
Materials and methods

Cell lines and tissue culture
The melanoma cell line Mel Im was described in detail previously (Rothhammer et al., 2005) . It was derived from a metastasis of malignant melanoma. Chordin-expressing cell clones were established by stable transfection of Mel Im melanoma cells with a sense chordin expression construct (gift from Theresa E Gratsch and K Sue O'Shea) (Rothhammer et al., 2005) . For the generation of antisense BMP4 cell clones, a 670 bp fragment of the BMP4 coding region was cloned in antisense orientation into the pCMX-PL1 vector and Mel Im cells were stably transfected. Plasmids were cotransfected with pcDNA3 (Invitrogen, NV Leek, The Netherlands) containing the selectable marker for neomycin resistance. Transfections were performed using Lipofectamine Plus (Invitrogen).
Cells were grown at 371C/5% CO 2 in Dulbecco's modified Eagle medium (DMEM); (Gibco, Eggenstein, Germany) supplemented with penicillin (100 U/ml), streptomycine (10 mg/ml) (both Sigma, Deisenhofen, Germany) and 10% fetal calf serum (FCS) (Gibco).
The human microvascular endothelial cell line CDC/ EU-HMEC-1 (HMEC) was kindly provided by the Centers for Disease Control and Prevention (Atlanta, GA, USA) and has been described previously (Ades et al., 1992) . HMEC were cultured in MCDB131 (Sigma) medium, supplemented with 15% fetal calf serum, 1 mg/ml hydrocortisone (Sigma), 10 ng/ml epidermal growth factor (Collaborative Biochemical Products, Bedford, MA, USA), penicillin (100 U/ml) and streptomycine (10 mg/ml). All cells were split 1:5 at confluence.
HMEC were labeled with 5-(and 6)-carboxyfluorescein diacetate, succinimidyl ester (CFSE, Invitrogen Molecular Probes Inc., Eugene, USA). Cells were harvested, counted and washed twice with phosphate-buffered saline (PBS) to remove traces of FCS. 5 Â 10 6 cells were incubated in a 2 mM solution of CFSE in PBS for 4 min at room temperature. Staining was terminated by washing the cells twice with PBS þ 10% FCS. Cells were seeded onto Matrigel in co-culture with melanoma cell clones to assay tube formation efficiency.
Isolation and quantification of RNA Total RNA was isolated using the RNeasy Mini Kit following the manufacturer's manual (Qiagen, Hilden, Germany).
1/10 of the RNA was used for reverse transcription as described previously (Rothhammer et al., 2005) . Reverse transcription was performed using Superscript II (Invitrogen) according to the manufacturer's manual. For quantitative real-time RT-PCR 1 ml cDNA preparation, 2.4 ml 25 mM MgCl 2 , 0.5 mM of forward and reverse primer and 2 ml of SybrGreen LightCycler Mix (Roche Diagnostics, Mannheim, Germany) in a total of 20 ml were applied. The following PCR program was performed: 60 s 951C, 201C/s temperature transition rate up to 951C for 15 s, 10 s 581C, 22 s 721C, 10 s 821C acquisition mode single, repeated 40 times (amplification). MgCl 2 concentration and annealing temperatures were optimized for each primer set.
Gene
Forward primer Reverse primer
PCR reactions were evaluated by melting curve analysis and checking the PCR products on 1.8% agarose gels. Each quantitative PCR was performed in triplicate for two sets of RNA preparations.
Migration assays
For migration assays Boyden chambers containing polycarbonate filters with 8 mm pore size (Costar, Bodenheim, Germany) were used, as described previously (Rothhammer et al., 2005) . Filters were coated with gelatine (5 mg/l) to improve cell attachment. The lower compartment was filled with DMEM supplemented with 100 ng/ml BMP2 or BMP4. Cells were harvested, resuspended in DMEM without FCS at a density of 2 Â 10 5 cells/ml and placed in the upper compartment. After incubation at 371C for 4 h, the filters were collected and cells adhering to the lower surface were fixed, stained and counted. Experiments were carried out in triplicate and were repeated three times with consistent results.
Invasion assays
Invasion assays were performed using the BD BioCoatMatrigel Cell Environments, invasion chambers (BD Biosciences, Discovery Labware, Bedford, MA, USA). 6 Â 10 4 cells of each melanoma cell clone were seeded into 24-well plates (BD Biosciences). After 24 h invasion chambers were inserted into each well according to the manufacturer's protocol and 5 Â 10 4 HMEC where seeded into the upper chamber to measure their invasive capacity. After 24 h, the matrigel layer was removed, and cells adhering to the lower surface were fixed, stained and counted. Experiments were carried out in triplicate and were repeated three times with consistent results.
Matrigel tube formation assays
Growth factor reduced matrigel (200 ml) (BD Biosciences) was added to eight-chamber polystyrene vessel tissue culturetreated glass slides (BD Falcon, Discovery Labware, Bedford, MA, USA) and allowed to gelatinize for 20 min at 371C. Human microvascular endothelial cells (5 Â 10 4 ) were seeded into each well of the culture slides in MCDB-131 medium. Cells were treated with 100 ng/ml BMP2 or BMP4. Tube formation was assessed by phase contrast microscopy after 16 h and recorded with a digital camera (AxioCam, MR Grab, Carl Zeiss, Mu¨nchen-Hallbergmoos, Germany).
Total tube length (TTL) was analysed using the ImageJ software (Image processing and analysis in Java) freely available from the National Institutes of Health at http:// rsb.info.nih.gov/ij. Experiments were repeated three times; for each experiment five pictures were taken and total vessel length was measured in mm from each picture area.
To assay vasculogenic mimicry, either 7 Â 10 4 melanoma cells alone or 4 Â 10 4 melanoma cells together with 4 Â 10 4 CFSE labeled HMEC, respectively, were seeded onto matrigelcoated culture slides. To analyze the effects of VEGF, 4 Â 10 4 melanoma cells together with 4 Â 10 4 CFSE labeled HMEC, respectively, were seeded onto matrigel-coated culture slides and either cultured in DMEM or in DMEM supplemented with 100 ng/ml VEGF. Tube formation was assessed by phase contrast as well as fluorescence microscopy and an image overlay was generated using Adobe Photoshop 6.0 software.
Animals and housing conditions
Naval Medical Research Institute (NMRI) (nu/nu) mice from the universities breeding stock were kept in type III filter top cages (5 mice per cage; Tecniplast, Hohenpeissenberg, Germany) under specified pathogen free (SPF) conditions according to the FELASA recommendations for the species mouse (cf. www.felasa.org). Drinking water and laboratory animal chow (V1244; ssniff Spezialdiaeten, Soest, Germany) were provided ad libitum. Water and food as well as caging and bedding materials (H1505-01; ssniff Spezialdiaeten, Soest, Germany) were autoclaved before use. The physical data of the animal room were temperature 22721C, relative humidity 5575%, 15 air changes per hour, and 12 h/12 h light/dark cycles.
Tumor cell inoculation and measurement of tumor growth The melanoma cell clones Mel Im þ pcMX1, Mel Im þ CHRD K1, Mel Im þ asBMP4 K7 and Mel Im þ asBMP4 K9 were harvested after incubation with PBS containing 0.05% trypsin and 0.04% ethylenediaminetetraacetic acid (Sigma). Tumor cells were washed twice with serum-free DMEM at room temperature and resuspended in DMEM at a concentration of 1 Â 10 7 cells/ml. For each of the five tumor cell lines, a group of 10 NMRI (nu/ nu) mice with a mean body weight of 32 g was formed. All mice were injected subcutaneously with a cell suspension of 0.1 ml containing 1 Â 10 6 cells of a single line. Tumor growth kinetics was recorded by weekly measurement of tumor diameters at the inoculation site (region of the thoracic mammary fat pad) with an electronic caliper. Tumor areas were calculated as the product of two perpendicular diameters, one measured across the greatest width of the tumor. For ethical reasons the mice were killed after the tumors underwent ulceration or reached a maximum size of approximately 300 mm 2 , respectively. At day 35 all mice were killed, and the tumors were taken out and fixed for histopathological evaluation.
Immunohistochemistry Formalin-fixed, paraffin-embedded mouse tumor tissue samples were sectioned at 4 mm thickness. Tissue sections were stained against CD31 (PECAM-1) (Dako Cytomation, Hamburg, Germany) or KI67 (clone MIB-1, Dako Cytomation), respectively, on a Dako Autostainer (Dako Cytomation). For histological analysis, sections were stained with hematoxylin and eosin (H&E staining). For each group three tumors were sectioned into 4 mm slices, stained with H&E and four sections were evaluated.
TUNEL assay
Formalin-fixed, paraffin-embedded mouse tumor tissue samples were sectioned at 4 mm thickness and stained for apoptotic cells using the DeadEnd fluorometric TUNEL system (Promega Corporation, Madison, USA) according to the manufacturer's protocol. DNA strand breaks which occur in apoptotic cells were labeled with fluorescein-12-dUTP, and intact nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) by using Vectashield mounting medium with DAPI (Vector Laboratories, Burlingame, USA).
Statistical analysis
Results are expressed as mean þ s.d. (range) or percent. Comparison between groups was made using the Student's unpaired t-test. A P-value o0.05 was considered to be statistically significant. All calculations were made by using the GraphPad Prism Software (GraphPad Software, Inc., San Diego, USA). microvascular endothelial cell line CDC/EU.-HMEC-1; Theresa E Gratsch and K Sue O'Shea (University of Michigan Medical School) for providing the chordin expression vector. This work was supported by grants from the Deutsche Krebshilfe to AKB and the Deutsche Forschungsgemeinschaft to GE.
